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FORWARD

In January of 1963, Pioneer Parachute Company, Inc.,
under National Aeronautics and Space Administration Contract
NAS 9-1157, undertook a program of evaluation and development of
a large Para-Sall Parachute capable of recerring heavy payloads
and providing a significanﬁ degree of gliding and maneuvering
characteristics. In March 1964 all test work under this contract
wes successfully completed.

In the coufsé of this program the principle aerodynamic
coefficients for this type of parachute were established in wind
tunnel tests., Utilizing the wind tunnel as an investigative
tool, studiés were made of methods to improve upon these coeffi-
cients and to establlish better inflation characteristics., These
efforts were performed by the University of Minnesota, Department
of Aeronautics and Mechanles, and are reported in Volume I.of
this document, entitled "Aerodynamic Investigations of Para-Sail
Parachutes".

The results of the wind tunnel experimeﬁts were vall-
dated by a series of full scale developmental drop tests with a
Para-Sail of approximately 80 feet in diameter. These tests were
conducted at the Joint Parachute Test Facllity, El Centro,
California, and are described in Volume II of this report, "De-

sign and Testing of a Large Para-=Sail Parachute".

PIONEER PARACHUTE COMPANY, INC.




ABSTRACT

Wind tunnél studies were performed on a gliding
paraéhuteg called Para-Sail, with the objective of deriving
.& configuration that would provide a 1ift to drag ratio of
unity or greater combined with anstrong opening tendency and
sufficient static stability about the pitch, roll and yaw
axess According to model experiments, this objective has been
achieved.

Upon request of the Pioneer Parachute Company,
Manchester, Connecticut, and the NASA Center for Manned Space
Flight, Houston, Texas,fseveral additional aerodynamic aspects
such as the center of pressure, suspension line forces,; the
effect of alr-catching scoops and the internal parachute upon
the opening characteristlics have also been lnvestigated.

The study was sponsored by the Piloneer Parachute
Company, with Messrs. Edward A. Gimalouski and William J. Everett
acting as project engineers. The experiments and the analysis
were carried out, and a number of modifications were proposed
by the staff of the Department of Aeronautics and Engineering .
Mechanics, University of Minnesota. Messrs. Thomas C. Nietz,
Harvey M. Lippa and Lelan R. Jamison, students of Aerospace'
Engineering, contributed significantly to the éompletion of
this study.
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LIST OF SYMBOLS

mome: o coeffdcient

normal force coefficlent

tangent force ?oefficient

drag = Cy %VQSQ

deéign diameter of main canopy

nominal diameter of Para-Sail (based on total
canopy area, Sy, estimated from a model
furnished by Pioneer Parachute Company)
canopy moment arm '

lift

dynamic pressure = %pVQ

total canopy area (estimated) including stabilization
panels ’

angle of attack = tan™! L/D (measured against
vertical) A

five suspension lines attached to each front
riser and seven suspension lines to each back
riser ‘

'six suspension lines attached to each front

riser and six suspension lines attached to each
back riser




I. INTRODUCTION

With many conventional parachutes, the stable sngle
of attack is such that the ﬁ&rachute develops 1ift as well
as drag. When this occurs, the parachute is sald to glide or
to fly at an angle of attack. .The angle of attack,x , is
determined by the ratio of the 1ift and drag forces, 1/D, and
it can be seen from Fig 1 that

o= TAN™' (L/D) « (1)

When steadily gliding, the aerodynamic forces of
the parachute and the guspended weight are in egquilibrium.
In order to maintain the position of equilibrium, the forces
acting on the canopy'when deflectéd, must develop a so-called
restoring moment which tends to move the canopy towards its
stable position.

The objectives of this study were to establish the
aerodynamic characteristics of the'gliding parachute called
the Pare-Sail and to try through modification to obtain a
relatively high 1ift to drag ratio, if possible, exceeding
unity. In view of these and additional objectives, this

gtudy was pursued in the following three principal aspects.

1. Investigation of the original Para-Sall configuration
including the following major items:
é) Exploration of flow fleld about the canopy
b) Effect of the suggested slots, louvers, center
lines, stabilization panels and porosity upon

the 1ift to drag ratio

1
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PG 1 SCHEMATIC REPRESENTATION OF THE
FORCES ACTING UPON A PARACHUTE
N FREE DESCENT -
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c) Three-component measurements to determine the
#erodynamic coefficients
d) Measurement of riser and center line forces

and determination of the center of pressure.

2 Modification of the Para-Sail configuration to

increase the 1lift to drag ratio,

3. Investigation éf the modified Para-Sail configura-
tlong, in particular, the following major items:

a) Methods to vary the 1lift to drég ratio through

suspension line adjustment

b) Three~Component measurements to determine the

aerodynanic coefficlents.

In addition to these objectives, it became necessary
to perform & number of model tests related to operational
performance characteristics, which were either observed during -
fvll size drop tests or which were.thought.to be advantageous
for actual applications. Therefore, it became necessary to
perform certain experiments seemingly incompiete or out of
sequence. The results of these particularly requested experi-

ments are arranged in the appendix.

(V]




IT. MODELS

Four principsl confipurations of the Para-Sail have
peen investigated in this study.

Configuratién I is the?prototype Para-Sail as proposed
by Mr. Lemoigne and redeslgned by the fioneer Parachute Company,
Manchester, Connecticut. For simplicity in the model tests, ‘
the suspehsion lines weré grouped in four equal 5undleé and
then connected to four separate rilsers. Figures 2 and 3 show

,Configuration_l in free flight and in wind tunnel tests.
Figure 4 illustrates the planform and details of the suspension
lines,.

Configuration II was derived through modifications

of Configuration I. -The gores 1, 2, 22, 23 and 24 have been

replaced by five solid gores similar to those of a solid flat
circular canopy. Also, material has been removed in the skirt
area from gores 10 through 14, Whiph are located at the rear
of the canopy. The suspension line lengths have been slightly
changed as indicated in Fig 5. These changes resulted in a
highe? /D ratio. Figures 5 and 6 are schematic drawings of
the Para-Sail Configuration II, while Figs 7 and 8 show this
configuration in.the wind tunnel and during drop tests.
Configuration III has a solid front similar to
Cenfiguration II except that some of the material also has
been removed from the leading edge of the canopy. A schematic
view of Configuration III is shown in Figs 94 and‘QB. These

modifications resulted from the review of full size drop tests con-

ducted Jointly by the Pioneer Parachute Company and the NASA Center
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for Manned Space Flight. Figure 10 shows a model of Para-Sail
Configuration TIT in the wind tunnel.
A version of this cbnfiguration has been tested by

NASA Manned Space Flight Center, Houston, Texas, and details

‘of these efforts are shown in Ref,h.

Configuration IV 1s g model obhtained from a scaling
down process of a full size parachute called Para-Sail 80A.
However, the model and the full size parachute have merely the
plan form, to a certain extent, in common. This is particularly
true for the removal of cloth at the leading edge and the
so~called scoops. For example, however, the Para-Sail 80A is
used without a center line, whereas many tests with Configura=-
tion IV were made with the arrangement‘of the cénter line,
Furthermore, the profile of the plan form of the Para-Sail 80A
end the Configuration IV are identical, but the 80A has 72
gores whereas Configuration IV has only 36 gores. However,
for the purpose of model éxperiments, Configuration IV may he
considered representing the Para-Sail 80A. It is schematically
shown in Figs 114 and 11B.

Full size Para-Sails resembling this configuration
have bheen tested and are called in the respective drop test
repoft (Vol II)Para—Sail 80A=2 and 80A-3.

A1l models have a noﬁinal diameter of approximately
4 £t or 2 £t when used for pendulum and free drop tests and
three-component measurements, respectively. The models were
built of light weight nylon with various nominal porosities.

Additional model configurations were used, with

15




 LEADING EDGE

V-

é‘?’vf‘? 2 o , e
el S MAN CANOPY
SKIRT o

- TRALING EDGE .. - _

(INCLUDING RISER)
RIGHT FRONT 1—9 1.000,

LEFT FRONT - 10-18 - 100D,

RIGHT REAR 19-27 1.00D,

LEFT REAR 28-36 1000,

FIG 11 A, SCHEMATIC PLANFORM AND SUSPEN- . -
- SION LINE LENGTHS OF PARASAIL
CONFIGURATION I

17

RSER | RISER NO |LINE LENGTH




9T

MODIFIED |
LEADING —— |
EDGE D, = DESIGN-

DIAMETER

FEG 11B. DIMENS!ONLESS GOF%E PATTERNS FOR SOLID FQON"“
PANELS OF CONFIGURATION D

w M
D A -




the purpose of eXploring the effects of an internal parachute,
of the center line and other more opérational objectives

and problems.

19




IIT. NOTATION

Since many terms needed,in the-diséussion of a
gliding parachute had to be originally established, an attempt
will be made to describe and justifly these novel terms.

In order to identify the models with respect to
size, porosity and configuration, the following symbqlism will
be employed. The configuration number will come first, then
the design diameter of the parachute (in inches), and finally
the nominal porosity of the parachute cloth (in units of‘
£t3/ft2-min). For example, 1-48-4.67 defines Configuration I,
having a 48" design dismeter and a nominal porosity of
.67 £t3/£t2-nin. |

Several design characteriétics of more specific
nature are illustrated in Figs 12, 13 and 1k. For example,
the center line, which connects the apex of the canopy with
the risers, is shown in Fig 13. The numbering of the canopy’
gores 1s illustrated in Fig 1k,

Attenpting to describe the aerodynamic character-
istics of a gliding parachute such as the Para-5ail, it is
convenient to use a system of coordinates and stability
notation as shown iﬁ Fig-lS, which is a combination of the
coordinate éystems used in parachute and aircraft technology.
This system allows the description of the performance character-
isties such as the angle of attack, « , the longitudinal
stabllity or pitch; the laterial stability or roll, and the

-Yaw stability. Pitchy roll and yaw are expressed as an
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angular deviation from the mean stable position. Thus, a

parachute which has a small angular deviation from its mean,
or average pos'tion weuld be termed stable about its three

| ~ principal axes.

25




IV. CONFIGURATION I

The efforts under this section can be organized into
an attempt to establish the éerodyﬁamic characteristics of a |
parachute with a canopy plan form as shown in Fig k4, and to
‘modify this plan form as well as the suspension line arrange-
ment in order to obtain an L/D ratio higher than that displayed.
by the original form. ‘ '

Pertinent, exploratory tests and modifications were
made which gradually led to Configuration II (Fig 5). The
more complete examina?ions of this configuration, however, are

described in the next section entitled "Configuration II."

A Investigation of Original Para-Sail
Flow Studies

The first step in this investigation was theAexplora~
tion of the flow field on the surface of the Para-Sail Canopye
This was accomplished by placing small tufts on the outside
surface and observing their placement due to the air flow
around the immersed canopy. A graphical represéntation of
the results is shown in Fig 16. In general, the flow pattern
has the expected form, Bbut of interest is the large area of

turbulence near the vent and on the upper downstream side.

Stable Angle of Attack--I,/D Ratio

Secondly, information on the stable angle of attack
and its variation with porosity was obtained. The stable angle
of attack, o, or stable angle as it will hereafter be called,

wag measured at velocities of 20 through 40 ft/sec on
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32" dismeter models having nominal porosities of 4.67, W47 and
105 ££3/£t2-mir.

For these studies, the models were first suspended
- from an engular measuring device which has free motion in the
\vertical plane. A schematic representaﬁion of this system for
so~called pendulum tests is shown In Fig 17. A close-up of the
pendulum device is shown in Fig 18. The angle of attack was
determined by measuring the change in a variable resistance
element mounted in the pendulum device. The electrical output
was recorded on photographic paper by means of a Century
Oscillograph. Figure 19 shows the pendulum testing arrange-
ment end the recording equipment. An example of an experimental
record is shown in Fig 20 from which the stable angle of attack
and the pitch stability can be measured. Roll and'yaw stability
were determined by visual observatilon.

The results of these experiments are shown in Fig 21.
It can be seen that the stable angle of attack and also the
L/D ratio decreased with increasing veloclty. This«was particu~
larly pronounced in models with higher porosity.

The decrease of the stable angle with increasing
porosity, at any given speed or canopy loading, is a lnown
fact (Ref 1). However, the decrease of the stable angle with
_increasing velocity or higher canopy loading cannot be ex-
plained at this time.,

On the other hand, for equal canopy loadings, one
may expect &n increase of canopy 1lift with Increasing canopy

size dve to a Reynolds number effect ag known from airfoils.
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This would mean that large Para-Sails, say on the order of
80 ft nominal diameter, would have a higher L/D ratio or a
larger stable angle than the respective Para-Sail model. In

view of this consideration, the stable angles indicated in

_Fig 21 should be considered as the lower limits of larger

Para-Salls. |

In summary, a large Para-Sail, Configuratiocn I,
having a low nominal porosity should have a minimuwm L/D ratio
of at least 0.84 at a rate of descent of approximately

25 ft/sec.

L/D Ratio and Line Adjustments

Further studies were conducted to see the effect of
line length changes on the stable ahgle. These tests showed
that shortening or lengthening the center line did not
appreclably change the stable angle; although after the center
line was shortened beyond a critical point, the canopy would
collapse.

Also complete removal of the center line did not
effectively change the stable angle.

However, changes in the length of the risers did
produce a consideraﬁle Variation in the stable angle. In
fact, by adjﬁsting the risers to different lengths, a variation
of the stable angle from 30° to 43° was observed. TIn these
experiments, the front riser lengths were adjusted with

respect to the rear risers, which length were kept constant.

-In all cases,; an increase in the length of the front risers

)
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produced a decrease in the stable angle and a decrease in the
front riser lengths produced up to aicritical point an increase
in the stable anglé. Detalls will be precsented later on in
this scetion when the three-component studies are discussed

(Fig 28 and Table 1).

Effect of Slots and Louvers

«The.slots and louvers were épened and closed
symmetrically to determine thelr effect on the stable angle.
For these tests Model 1—32;4.67 was used.

With all the slots and louvers closed, the stable
angle was measured and found to be approximately 309, As the
slots and louvers weré>opened methodically, the stable angle
Increased until all slots and louﬁers were opened. At this
point the stable angle was found to be 40®. Therefore, it
may be concluded that for the basic Configuration I, the
arrangement of the slots and louvers represents an optimum

solution.

Three-Component Measurements

It should be remembered that for all the angle
nmeasurements made in the studies presented above, the pendulum
nethod was employed; sincevonly the study's general trends
were desired. After completion of this objective, three-
component measurements were made to more accurately determine
the stable angle as well as the inherent stability of the
parachute when deflected from its stable position. Figure 22
shows Configuration I arranged on the three-component balancé
system. Figures 23 through 30 present the results of the

three~component measurements.
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The procedure for the three-component tests is
described in detall in Refl 1. A schematic of the suspension
system used for these studles is shown in Figs 31 and 32
Figure 32 shows the location of the strain gage elements used
" to measure the forces on the canopy. Again, this was
accoﬁplished by feeding the electrica} output into a Century
Oscillograph and its recording mechanism.

The forces measured during these tests and used to
determine the aerodynamic c&efficienfs are defined in Fig 33.
The tangent fofce, T, acts along the centerline of the canopy,
vhile the normal force, Ny acts perpendicular to the center
"1ine of the canopy and produces the aerodynamic moment, M,
about the confluence point of the suspension lines.* From
these measured forces, the aerodynamic coefficients can be
calculated ﬁsing the‘conventional aerodynamic relationships

(Ref 2, Parachute Handbook), where

Cye—1- | -
7 ¥, ,{ﬁkz“; (RS
Shepar ‘(
tf’%’({:;‘/kc :
N
Cy=rg 2
i (2)

and

(3)

*This is merely an approximation, but a satisfactory one,
see Ref. 1.
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Thus, a stable position will exist when

M=0O ()

and -
3Cu
-~ >0
0l M= 0 " (5)

In pérticular, Figs. 23 through 25 show the:variation
of the stable angle with borosity while holding the velocity
and the line lengths constant. Figures 26 through 28 show the
variation in the stable angle as a function of the front
riser length. The low porosity Model I-2L-4,67 was used for
these tests, since it was apparent from previous studies that
the low porosity model displayed the largest glide angle.
Finally, Figs 29 and 30 present the variation in the stable
angle as the center line length is changed. Again,lModel
T-24-4,67 was used for the tests.

Whereas the figures indicate details of the various
effects and operational characteriétics, the principal results
are summarized in the following conclusions.

1) Increasing the nominal porosity of the parachute

tends to decrease the gllde angle.

2) Changing the length of the front risers, affects

noticeably the stable angle or the L/D ratio.
Decreasing the length of the front risers with
respect to the back risers, the stable angle
increases until a maximum is reached, whereupon

a further decreasce tends to decreasce the stable




3

of attack.

angle. Numerical Vélues have been obtained, )
which indicate a possible 1ift. to drag
modulatién@ o

3) Moderate changes in the center line length or
its complete removal do not appreciably change
the stable angle of thenparachute.

L)y A1l tﬁe models tested are stable at only one
angle of attack. '

5) The low porosity models have a greater value
of dCM/doL than the models with higher porosity.
Thué, the low porosity models will assume their
‘stable angle of attack more rapidly and have
less oscillation about that angle than the
high porosity models.

6) All models have a relatively high value of Cr
at the stable angle and consedquently should
operate with a relativeiy low rate of descent.

The stable angles measured in the three~component

studies are somewhat higher than the values obtained from the

pendulum tests. This can possibly be explained by the fact

that relatively large models were used for the three~component

measurements and at high angles of attack the canopy skirt came
within one diameter of the tunnel wall. Thus, wind tunnel
interferences may have affected fhe parachute at larger angles
of attack. It is suggested that the results of the pendulum
tests be considered to be the lower 1imit of the stable angle

\\

49




Line Forces

After the three»coﬁponent tests were completed, the
forces in the individual risers were measured in an attempt to
determine the forces necessary to achieve a lift-drag modulation.

In these tests the models were suspended from the

“angular indicator used in the pendaulum tests. Electric force
sensing elements were then placed in the risers as shown in

Fig 3% and their'output,was recorded by means of Century

" Oscillograph.

Tﬁe total forces measured in the risers and center
lines during these tests.should‘equal the tangent force at
dstable determined from the three-component tests. This
has been verified from the experimental results.

The forces in the front risers, center lines, and
the rear risers, divided by the total force of the parachute
are given in Table I. One notices that in the middle position

ZXLL/LL = 0, and the ffont risers, rear risers and center lines
carry approximately one third of the total force. However,
aﬁmajor portion of the force}shifts to the front risers when

a stable angle is increased or toward the rear risers as the

~angle of attack decreases.

A1l models used for these line tension tests had
six 'suspension lines connected to each one of the four risers.
However, since full size drop tests were made in
which the front risers carried five suspension lines while
six lines were connected to the rear risers, a configuration

with the so-called 5 x 7 line connection was also tested.
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TABLE I. -RATIO OF LINE FORCE TO TOTAL
. FORCE FOR MODEL I-32-4.67
WITH DIFFERENT FRONT RISER

LENGTHS

, Front Riser - Per Cenﬁ of Total Force

ol C :
=t To A%f;sj;ent Front Center Rear

#/%% (3) | Risers(3) Line Risers (2)

30° | 1,05 +0,035 - 29.6 | 34.0 37.9
37° | 1,05 0.000 304 | 33.6 35,1
1,30 0.88 -0,030 36,2 29,9 32.6

(1) Right front riser lines (1 - 6)
Left front riser lines (19 - 24)

(2) Right rear riser lines (7 - 12)
Left rear riser lines (13 - 18)

(3) AL,/Iy = Ratio; change in front line length
1
, to total line length (L, = Dg for
‘prototype Para-Sail). -
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Figure 35 gives a schematic view of Configuration I with a
5 x 7 line configuration. The results of these tests are

presented below.

Per Cent of Total Force
Line c Front Riser
A& | Confi- T, Front Cg Rear
guration : ‘Adjustment | Riser . Riser-
370 5x7 |- 1.05 0.00 21.5 35.6 | 4k2.8

Center of Pressure

Finally, theiaerodynamic center line of Coﬂfiguration I
vas determined using Model I-32-4.67 with the basic 6 x 6 line.
configuration. This was accomplishéd in the fqllowing manner.
Photographs were taken of the side view of the inflated para-
chute. From these photographs the directlons in which the
riser forces act was obtained. Xnowing the direction and the
magnitude of the riser forces, the resultant force, its direction
in particular, can be obtained. Since the line of action goes
vthrough the center of pressure, its locatlon with respect to
the canopy is thereby determined. Figure 36 illustrates the
described conditions.

Be. Modification of the Para-Sail Configuration I

Once the stable angle and other aerodynamic character-
istics of the original Para-Sail, Configuration I, were
. determined, the next effort was devoted to the increase of
,the-liftwdrag ratio as well as to the establishment of the
over-all performance characteristics. For these studies,

Model I-48-47 was used.
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The Apex Region

As mentioned in Part A of Section IV, a region of
turbulent flow was found in the apex area as well as on the
upper downstream side of the canopy. It was concluded that
‘a reduction or elimination of this turbulence would result in
an increase of the lift-drag ratio. Therefore, an attempt was
made to cover the concave portion.of fhe canopy caused by the
pull from the center line. The high porosity apex was covered
with a circular piece of fabric supported by an internal
suspension system which was attached to the center line.
Figure 37 1llustrates this model.

However, tests indicated that this measure did not

significantly change the stable angle or the stability.

Leading Bdee Collapse

Also, from the tests conducted in Part A of this
section, it was noticed that the leading edge collapses at
angle of attack of approximately 40°, Therefore, portions of
panels 1, 2, 22, 23 and 24 were removed in an effort to reduce
the tendency of these panels to collapse. Figure 38 shows a
schematic drawing of the mofTidd canopy. Pendulum tests
indicated that the collapse oft the leading'edge now occurred at
higher angles of attack. ﬁowever, the Para-Sail had lost
over-all stability which was indicated through considerable
oscillationé about its stable angle of attack.

In an attempt to improve the stability of this ver-

sion as well as to increase the stable angle, portions of the
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rear gores 10 through 14 were then removed. This modification
is shown schematically in Fig 39. The reasoning behind this
measure was to develop an exhaust jet which would push the
canopy forward as well as to stabilize 1t.

Pendulum tests indicated a maximum stable angle of
approximately 400 and satisfactory stability, which is an
increase of 5° (see Fig 21). - '

Further pendulum tests on the same modified model,
but without the stabilization panels, were made., This
modification is illustrated in Fig 40. It was thought that
renoval of these panels'would reduce the drag and therefore.
increase the lift-drag ratio. However, the experiments showed
that the lift-drag ratio was not affected, howeﬁer, the
stability of the canoby was noticeably reduced.

Effect of Porosity and Removal of Cloth

A1l these efforts resulted merely in an increase of
stable angle from 340 to 409, The model used so far had a
relatively high nominal porosity, namely, 47 £t3/ft2-min. The
lower porosity model, I—32-h.67, already had a stable angle of
attack of 400 before modification. Therefore, further tests
were made with the lower porosity model, I-32-4.67,

The modifications were begun in a manner indicated
by the preceding tests. First, portions of the front gores,
numbers 1, 2, 22, 23 and 2%, and portions of the rear gores,
nunbers 10 through 14, were removed.

This version showed in pendulum tests a stable
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angle of 43%, corresponding to a lift-drag ratio of 0.93. The
same modelkin iLs original form had a stable angle of 400,
Visual observation indicated that the over~all stability of

the modified model was very good.

Slots and Lquvers on Low Porosity Model

Next, the slots and louvers of modified model
I-32-4.67 were opened and closed. 'It was determined from this
study that the front louvers had very little effect upon the
general stability behavior of this model, but a slight tendency
toward a higher L/D ratio was observed. Thereforey the front
gores, numbers 1, 2, 22, 23 and 24, were replaced by solid
gores simillar ﬁo those of a solid flat canopy. Through this
© measure, the front gores became smooth surfaces. ‘

Pendulum tests were then conducted and it was found
that, although the stablility waswslightly decreased, the stable -
angle was increaséd to 470, corresponding to a lift-drag ratio
of 1.07. AThe final shape of the modified model I-32-4.67 is
shown in Fig Ll. .

Line length variations indicated, as was previously
‘found, that the stable angle can be both iIncreased and decreased
by changing the length of the.front risers with respect to
"the rear risers. Also, when the slots between the side
stabilization panels and the canopy were closed, the stable
angle Increased. However, this was accompanied by a lateral
oscillation in the order of + 209, therefore, the slots were

reopened.

62




No furthg? modifications were made on the model shown
in Fig 41, since it appeared that the optimum stable angle had

been reached. The new configuration, derived through modifica-

*tions of Configuration I, shall be called Configuration II. In

pendulum tests, it had a stable angle of 479, corresponding to
a 1lift-drag ratio of 1.07. It apbearéd promising. enough to

Justify further serodynamic investigations.
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V. INVESTIGATION OF CONFIGURATION II

The finai modified version of Conflguration I was
called Configuration II. Filgures L2 and 43 show, in dimension-
less formy the differences in the patterns of the modified
- gores. A detailed description of the plan form of Configura-
tion II is discussed in Section II and illustrated in Fig 5.__

To determine the effect of porosity‘and thé rate of
descent on the stable angle, & series of tests were conducted
on three models of Configuration II, differing merely in their
nominal porosity. | |

The first series again made use of the pendulum
method at velocitiles ffom 20 to 40 ft/sec. The resuits of
fhese studies are shown in Fig 4h. One notices that the stable
angle increases both with decreasiﬁg porosity and slightly
decreases with increasing velocity. The maximum stable angle
which was reached amounts to 479, reptesenting an L/D ratio .
of 1.07.

To verify these results and to determine the stability
of these three models at their respective stable angles,
‘three~component tests were made. Figures 45 and 46 show
Model II-24~4.67 in the wind tunnel and Figs 47 through 49
present théir.aerodynamic coefficlents versus angle of attack.
These results verify the trends observed in the pendulum tests.
In particular; the stable angle of attack decreases for
increasing porosity and the over~all stability decreases as
~ the porosity incregses. 1In generalé the tangent forces of the
| lowér poroslty models is higher than the one of higher porosity

models.,

65




T\—Skir"t line for

conventional solid

flat parachute gore ;
Typical gore
GORE 24 —J5 = 0.325
X ) |
o el 1e2 fe3 fek |5 6 17 .8 1.9 (1.0
Y
X | 577 .356] .288| .252(.2311.216|.206|.198 'lgzi'l88
| GORES 1823 —52 = 0.331
= | 8 0
xO l 2 3 ol+ |‘5~ 06 07 08 09 09 099 lo
Y : ‘ o —
X | +528] .335| .277| .241| 226 .208| ,202| .195 .191|.188 .lSE,L.lS’Z
X
GORES 2& 22 Ty = 0.335
X T
ol d [z L3 L fs |6 |7 fie L9 |.9€8.99311.0
Y | | ol =
X | 514 <327 .268] .236) .222) .207 .200) .193 1871 .185] (184 .18k

FIG 42 DIMENSIONLESS  GORE  PATTERN FOR
FRONT OF CONFIGURATION T

66

WM

s
s

7 S



29

FIG43. DIMENSIONLESS GORE PATTERN FOR REAR SKIRT
PANELS OF CONFIGURATION T

w M,
T L




50

N
o)

N
O

oy
o)

W
O

e MODEL T-32-4.67
a . v T-32-47

STABLE ANGLE OF ATTACK (DEGREES)
\®)
U1

s v ..32-105

20

15

15

20 25 30 35 40
VELOCITY (FT/SEC)

FOR  CONFIGURATION T FOR VARIOUS

NOMINAL PQROS!TIES :
68

FIG 44, STABLE  ANGLE OF ATTACK vs VELOCITY

WM
4§~ //‘:




10

08

o 4.67 POROSITY 05 : d
A 47 1t C . A
11105 " N 0z v | x |

ANGLE OF ATTACK. (X° o .‘ /@
L l
30 -20 -10- 9] 10 20 4 30 A2 40 O/

T

o)

N
>

\\

o

[
L")
g

=12

FIG 47 NORMAL FORCE COEFEICIENT -:vs ANGLE OF ATTACK

FOR CONFIGURATION T - (BASED ON TOTAL SURFACE
AREA S;: REYNOLDS NUMBER =8 x10°: D, =24") Wi

o T




Sl

J0

08

o 467 POROSITY 06 | | a
A 47 " C '

. o ' A
o 105 M 04

(g

- )

FIG 48 MOMENT COEFFICIENT vs ANGLE OF ATTACK FOR

CONFIGURATION T (BASED ON TOTAL SURFACE
AREA So; REYNOLDS NUMBER =8x 10° ; Do=24")

W Me
LA 2



€l

- 1.0 F—1—-5:- e :

‘ J___o— 3 o o W
I f ,’OMO/"S”“O \Q\o\®
tj'__‘__,.()—/fo_‘ o T N I B i e N© -
e A A N A ~o o

B A A A A :—- - e e e __,..‘L\:__ “-A.‘._AMA *_A,.. A.__. [N P j.. B
\ & - A 4 19N
BN
' ‘ B gr—g———g——i -
0 £ I a S - |
( i1 ' R B |
L—— 6 — :
|
5 |
Cry j
4k e -
| o 467 POROSITY |
— 3 F A 47 L.
11 105 f
i |
i
1k ;
| - !
! ! [ 1 ! i 1 .
-30 -20 -10 0 10 20 30 40

ANGLE OF ATTACK | o<

FIG 49 TANGENT FORCE COEFFIC!ENT vs ANGLE OF ATTACK
| | ' (BASED ON' TOTAL SURFACE-

FOR CONFIGURATION II -

AREA - Se ;

REYNOLDS NUMBER -

%’8x 10°

Do=24")

S Me

&f o Bfon



Again, the stable angles determined from the three-

component tests indicate larger angles. As before, the
measurements in the pendulum tests may be considered as the

lower limit of the stable angle of attack.
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VI. INVESTIGATION OF CONFIGURATIONS III AND IV

Configurations IIXL and IV represent forms which
evolved from & combination of experlences extracted from wind
tunnel studies and from full size drop tests simultaneously
conducted. Since the full size testing began with a version
rep?esenting Configuration I, to.which modifications were
applied, Configurations III and IV are essentially modified
versions of the Para-Sall Qoﬁfiguration I. Configuration II
may be considered as merely en academic model, since full size

drop tests with this configuration were never made.

A, Configuration III

Opening Process

From drop tests of a full scale version of
Configuration III, whose planform is shown in Fig 9, it was
found that the parachute's opening process was erratic, in
view of time and intermediate inflation forms. Thus, wind
tunnel tests with Model III-U8-4.67 were iniﬁiated to study
and possibly to improve the opening characteristics of this
configuration.

The opening process of this model was studied in a
manney which schematically is shown in Fig 50. However, during
the first serles of tests no internal pérachute was used. In
these tests the Para-Sail model was suspended in the wind tunnel
in reefed condition, while the flow was established. Then the
reefing line was severed and the opening process recorded by
means of a high speed motion picture camera. More details of

this system have been described in Ref 3.
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In this manner the following opening characteristics
of Configuratlon IIL were observed:

1) During the opening process, the front panels

5end inward, restricting the inlet opening and
“thereby prolonging the inflation time. The
movement of the front panels was random, causing
the entire filling process to be erraﬁic.

2) The opening time was relatlvely long, and its

standard deviation was relatively high.

These model experiments showed essentially the same
features as had bheen obsérved in full size drop tests, and it
‘was concluded that measures had to be intfoduced wvhich would
reduce the variation of‘the openihg time and the random motion
of the canopy cloth. |

| Reference 3 and related full siée experiments have
shown that a small parachute placed inside the larger primary
parachute reduces the opening time-and its standard deviation.
Thus, a parachute having a projected dlameter of 6.2" was
eﬁployed as internai parachute with the 4 ft Para-Sail model.
On the basls of Ref 3 results,'the internal parachute was
- placed at 3.8" behind the plane of the inflated skirt, correspond-
ing to an L/D, = -8.33%. ' '

Inflation studles were then conducted and for com-
parison purposes models with and without internal parachutes
wvere used. The experiments were made for the so-called infinite
mass case wherein the relative velocity between the parachute

and the free stream remains constant during the opening processe.
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Figures 50 and 51 show the arrangement of the parachute systenm

in the wind tunnel.
» In these tests, the avefage opening time of the
Para=Sall without internal parachute was found to be approxi-

- mately 0,21 seconds with a standard deviation of + 25%. The
average opening time with the internal parachute was 0.20
seconds with a variation from this average of + 5%. Thus,
the internal parachute reduced the opening time moderately but
strongly standarized the opening process as indicated by the
reduction of the standard deviation from + 25% to + 5%. However,
merely a limited numbgr of tests were made and more experiments
are needed in order to optimize the size and location of the
internal parachute. Furthermore, these tests kere made with
’a Para-Sall hsving aicenter line. The conditions may change
considerably when the internal parachute is used in comnection

with a Pars-Sail without centerline.

Center of Pressure

The aerodynamic center line of Configuration III
was determined in the manner described previously.

At the request of NASA, a 5 x 7 line configuration
was used. The aerodynamic center line was found to be inclined
toward the rear of the canopy at an angle of 2° with the
parachute center line. Figure 52 shows these conditions

graphically.

B. Configuration IV
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Scoops and Length of Center Line

‘Drov cests were made with an 80 ft diameter version
having a plan form representative of Configuration IV, Figure
11. However on the full size parachute only three (3) large
*scoops were arranged in éhe front gores, rather than nine (9)
as shown in the figure. This was suggested by the prime con-
tractor in an effort to improve the inflation characteristics.
In addition to drop tests with this configuration with the
purpose of s@udying the opening characteristics, wind tunnel
tests were made to determine thé effect these scoops made on
the stable angle of attack. A four foot low porosity model,
IV-48-4.67, was used.

Pendulum tests were conducted to determine the
effect of the scoops combined with a center line varilation
upon the stable angle of attack. The results are shown in
Table II. It can be seen that the scoops in all cémbinations
decreased noticeably the glide anglé. From this point of
vigw, gcoops cannot be recommended. It 1s also evident that
the changes in the center line length affected the maximum

stable angle very insignificantly.

Centerline and Opening Characteristics

Full size drop tests showed that the scoops did not
improve the opening characteristics. Since further undesirable
opening features were recorded, the suitability of the center
line was quesﬁibﬁed, Therefore, new wind tunnel tests were
made in order to determine at least gualitatively the effect

of' the center line on the parachute.
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TABL_,E T. STABLE ANGLE OF ATTACK OF
- 'MODEL I¥ -48-4.67 WITH VARI-

~ ATIONS IN THE CENTERLINE
- LENGTH AND NUMBER OF
~ FRONT SCOOPS (Ve =25 fps)

NUMBER OF SCOOPS
Centerline 18
Extension 9 large |  lier | DO

. Lenghh gcoops sco0ps open.
gy, = X gy, = gcoops
o 32,9° 36,30 41,0°
5.7 34,10 35,99 42 ,8°
10,3 ©34,0% | 35,40 43.3°
18.7 . 34,20 | 35,70 42 .7°
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The full size Para-Sail is always deployed in a
reefed condition. During its,inflation‘whiie reefed, it was
observed that the leading side of the canopy is usually
folded inward, which form remains also during the inflation
after reefing line cutting. This method of inflation is
undesirable in several aspects.

In order to reproduce this in the wind tuﬁnel, a
model, IV-48-4.67, with center line and reefed, was placed
in the tunnel and held at various angles of attack.

Then in the next series of tests, the center line

was removed and the experiments were repeated. The results,

shown in Fig 53, emphasize the following points:

>With the center line, the front of the parachute
never inflated properly.. Even at small angles of
attack, the front side begins to collapse. Without
cehter line, the front of the parachute inflates -
fully up to anglesﬂéfvattack as large as 30°. Even
at angles of attack larger than 45° the front only
pértially éollapsed. Details are shown in Fig 53.
~ From these tests, it 1s concluded that the center
line influences the parachute's opening performance

unfavorably. .

Center of Presgure

The aerodynamic center line of Model IV-48-4.67 with
a 9 x 9 suspensgion line configuration but without a center

line was established. The method was the same as that employed
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before. In accordance with Fig 5%, the aerodynamic center

line is slightly inclined toward the rear of the canopy at
an angle of approximately 1°. This indicates that in this
version without a center line the total load 1s very uniformly

divided between the front and rear risers.
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FIG 54, AERODYNAMIC CENTER LINE (ACL.) AND PARACHUTE
CENTER LINE(PCL.) OF MODEL 1IV-48-467 WITH AN
UNATTACHED CENTER LINE (9x 9 LINE CONFIGURATION V& 305%<;




ViT. COUCLUSIONS

| These reporfed studies indicate that Para-Sails éam
be Euilt with a 1ift to drag ratio of higher than unity which
are sufficlently stable about the three principal axes and that
a certain 1ift to drag modulation is‘pOSSible.

| Figures 55 through 59 illustrate in condensed‘férﬁr
the results of the studies involving the two more completely
investigated Configurations I and II.

The investigation concerning Configurations III and

IV were made in support of simultaneously conducted drop tests.

They may be considered as guide lines for future developments.
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RESULTS
MODIFICATIONS | L
e D |PITCH | ROLL| YAW
HIGH POROSITY APEX 34°|068| £5° £8°| :2
REPLACED BY A FLAT £3
COVER AND SUPPORTED
WITH AN INTERNAL LINE
STRUCTURE.
PORTIONS OF FRONT GORES |
(2,1,24,23,22) REMOVED AT | — |
THE SKIRT
THIS CONFIGURATION 1S
COMPLETELY UNSTABLE

'FIG 56. RESULTS OF MODIFICATIONS OF PROTOTYPE PARASAL T-48-47
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(10-14) REMOVED AT THE + 3°
SKIRT
| (FINAL CONFIGURATION) 40°10.84| +5°| +15| =10
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| | RESULTS
MODIFICATIONS 5 Jewcs | o] van

PROTOTYPE PARASAIL (1-32) 0.84| +5°+1C0| = 5

CENTER LINE LENGTHS=D,

PORTIONS OF FRONT GORES 093] +5°| 12|« =

(2]1,24,23,22) AND PORTIONS
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Sk
E 4

(REMOVED PORTIONS OF
REAR GORES AND REPLACED

FRONT GORES WITH
GORES FROM SOLID EFLAT

GORES)

MODIFICATIONS X D |PITCH | ROLL| YAV
FRONT FIVE GORES 47°11.07| £+ 5°|£15°|¢ &
REPLACED WITH GORES +3°
FROM SOLID FLAT CANOPY
FINAL CONFIGURATION 47°1107} =5 *:15" v
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APPENDIX

During the course of this study several sideline
investigations ﬁere carried out, two of which appear to be
worthwhile to record{n»amelyg the relétionship between line
length end elliptical plan form and the effect of side
stabllization panels;

A, Line Lengths of the Eighty Foot Para-Sail and Their

Relationship to an Elliptical Plan Form When Inflated

Notation

a Semi-major diameter of canopy sketched from

film

b - Semieminor diameter of canopy sketched from

film

Semi-major diameter of eighty foot Para-Sail
Semi~minor diameter of eighty foot ParawSail.
Length of suspension line and riser to con=-
fluence point of canopy (for sketch)

Lg Length of suspension line and riser to con-
fluence point of canopy (for eighty foot
Para-Sail)

L Perpendicular distance from the plane of
the ellipse to the confluence point (for
eighty foot Para-Sail) ’

| L.t Longest suspension line needed to make the
ellipse lie in one plane (for eighty foot

- ‘ Para-Sail)
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Bguals the difference befween Lg and Lg!
(for eighty foot Para-Sail)

1t éuspension line length necessary to make
the elliptical circumference of the canopy

mouth lie in a single plane.

Recorded Plan and Profile Fronm

*From the films of the eighty foot Para~Sail, sketches
of both side and bottom views of the fully inflated canopy |
were obtained, as i1lustrated in Figé.éo and 61.

The film showed that the skirt of the parachute had
projected an elliptical shape, with a ratio of the semi-
major ("a") to the semi-minor ("b") axes of 1.44l. Therefore,
the general equation for this ellipsevis:

x2 y2

+ - i

(1.441 b)Y b2

T 4

a b
{ . '
o
-

J

’ |

FIG. 60. PLAN FORM OF THE INFLATED 80 FT PARA-SAIL




The front and side view sketches of the Para-Sail

indicate a'certaiﬁ distortion of the canopy which is caused
by the fact that all,sﬁspensién Jines are of equal length.
Assuﬁing s fixed minor axis and given suspension lines in

the middle of the front and the rear, one can compute the
length of all suspension lines in such'a’manner that the pro-
jected plan form ofjthe‘Para—Sail would form an ellipse in’

a plane.

The semi-minor and semi-major axes were found to be
23kand 33+2 feet, respectively. From this and the condition
above, one can détermine the longest required suspension lines
if the shortest ones in mid front and mid rear are Lg = 68.1
feet. It can be shown that the longest lines would be placed

on the outside tips and should have a length of Lg = 72.2 feet.

Trailing Edge

A) Side View | B) Front View
FIG. 61. PROFILES OF THE INFLATED 80 FT PARA-SAIL

w Me
7-73-64
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By means of the general equation of the ellipse,
one could determine the proper length of all lines, which would
vary betwéen €01 and 72.2 feet.
| From- the theory of the lifting surface, it can be
seen that also for a pargchute an elliptical plan form 1is very

‘ advantageous for the development of a high lift to drag ratio.

B. Investigation of Stabilization Panels
Tests were conducted on Model IV-L8-L.67 to study
the effect stabilization panels have on drag and stability.
For these tests, the parachuté was suspended from the pendulum
device described before.‘
The parachute was first studied ﬁithout any slterations.
Then, the stabilizationlpanels were trimmed to conform with
the current configuration of the 80 foot Para-Sail. Finally,
they were removed completely. | |
The tests indicated .the following results:
1) the 1ift to drag ratio was not appreciably
affected as the panels were removed;
2) the drég of the canopy appeared to remain
constant; |
3) no significant change in the stability was
observed even with complete removal of
stabilization panels.
The side panels may, however, have an effect through
their interaction with the elliptical plan form as well as with

the canopy loading. These aspects have not been investigated.




